Apparent pK values were determined for a series of commercially available carboxylic acids in a search for a buffer suitable for bacterial studies at pH 7 in media free from nitrogen, sulfur, and phosphorus. Of the compounds possessing pK' values nearpH 7, 3, 6-endomethylene-l, 2, 3, 6-tetrahydrophthalic acid (EMTA) was chosen as possessing suitable physical properties, cost, and purity for biological use. Aerobacter aerogenes and Escherichia coli grew normally in its presence but did not utilize it as a sole source and energy. Although good turbidimetric data could not be obtained, Pseudomonas aeruginosa responded in the same qualitative way. Therefore, EMTA promises to be useful in work on endogenous metabolism and in nutritional studies.
Study of maintenance levels and endogenous metabolism depends upon the availability of effective buffers not containing the components being investigated. This requirement has been particularly difficult to satisfy in the case of work on phosphorus when using cells buffered near pH 7. Except for phosphate itself, there have been no buffers useful in biological experiments until the recent series of dipolar ionic and amine buffers proposed by Good et al. (5) and the Tris derivatives of Lewis (10) . The former compounds are now becoming commercially available, although they are still somewhat expensive. However, these materials all contain nitrogen, sulfur, or both, and thus might be utilized slowly by bacteria as sources of these elements. Perhaps more likely, traces of contaminants containing these elements could affect studies of the endogenous metabolism or mask existing maintenance requirements for sulfur or nitrogen. In this connection, the ubiquitous presence of traces of sulfate was a complicating factor in work by Bohinski and Mallette (3, 4) on Escherichia coli in media limited in sulfate.
Tris(hydroxymethyl)aminomethane (Tris) has been used by Mallette, Cowan, and Campbell (11) , Hou, Gronlund, and Campbell (7) , and Bohinski and Mallette (4) in studying the metabolism of endogenous phosphorus or of nutrition at restricted levels of exogenous phosphate. In fact, Tris has been substituted widely for phosphate as a buffer, although it is quite ineffective below pH 7.5 . Cacodylate buffer, occasionally employed in the past, may alter phosphorus metabolism directly, or may contain arsenite which does so.
In addition to the foregoing considerations, a study of the effects of combined deficiencies of nitrogen, sulfur, and phosphorus on bacteria imposes serious restrictions on the buffer. Since incubation may be expected to last for days, buffer capacity must be high and Tris cannot serve. Therefore, a commercially available, relatively pure material was sought, one not containing these three elements, not bacteriostatic, and not utilized by bacteria as the sole source of carbon and energy.
MATERIALS AND METHODS
Acids considered as possibilities were purchased from the commercial sources listed in Table 1 . These compounds were air-dried overnight at 100 C in weighing bottles. They were then dried in vacuo over KOH pellets for at least 48 hr and stored over KOH. Whenever possible, samples were secured from more than one supplier for comparison. Acetic and phthalic acids were run for overall operational calibration.
Samples of 0.00100 mole were dissolved in 100 ml of water, distilled first from a block tin still, and then from a Corning model AG-2 glass still. Some acids dissolved so slowly that the process was accelerated by warming. Such Kortum, Vogel, and Andrussow (9) . This value from the original paper by Maxwell and Partington (12 EMTAT.
With phosphate buffer plus glucose, the pH was 7.06. For the other two tests, the pH was 7.07. of methods and extrapolation procedures affect the reported results considerably. Therefore, the titration method used herein was chosen as one that is convenient and that yields results of practical value in the preparation of buffers. As shown in Table 1 , the data of the survey were taken with 0.0100 M solutions and may differ somewhat from results derived by extrapolation to zero concentration. As the charge on the ionic species increases, one would expect this difference between the "apparent" and "thermodynamic" pK data to increase.
There is a problem of identifying the pH at which equal quantities of a given pair of acidic and basic forms coexist in solutions of polycarboxylic acids. Maxwell and Partington (12) commented that they could not determine the thermodynamic constants under such conditions; they employed a comparative basis for their structural analysis. In the present study, apparent pK values, designated pK', were obtained from titration curves by calculating the number of equivalents of OH-corresponding to half deprotonization of each successive carboxyl group and interpolating from a large-scale plot. Total equivalents of OH-were calculated from the volumes necessary for complete neutralization of the acid, which was taken as a change in pH of 1 unit on addition of a 0.010-ml sample of 2 M NaOH. When pK' values lie within 1.5 units of each other, overlap in ionization is extensive, some molecules lose protons from one carboxyl group while other molecules are losing protons from a different carboxyl group. As a result of this behavior, such compounds are very effective buffers in the ranges concerned, but the accurate determination of thermodynamic pK data becomes impossible, and for some purposes meaningless. However, the reported pK' values are useful in preparing buffers. Table 1 summarizes pK' data determined for several commercially available acids and compares them with the literature values available. ThepK' data for those samples obtained from two or more suppliers were reasonably comparable and agreed almost as well as duplicate runs on single lots of compounds. Differences from literature values may be attributed in some instances to differences in concentration and in others to methods of measurement or treatment of data. Such variations are reflected by the tabulated data on phthalic acid. Purity seems not to have been much of a factor in the present results except for pKj' of di-n-propylmalonic acid, as indicated in the footnote to Purities of the compounds were estimated by dividing the number of equivalents of OH-required for complete titration by the number expected from the weight taken and the number of carboxyl groups present. Many of these materials were surprisingly pure and would be suitable for general use without further purification. A number of the compounds were not effective buffers at pH 7, having their highest pK' values near pH 6 or below. However, buffers useful at the lower pH values should be of interest to microbiologists working in pH ranges other than 7, and these buffers are recorded. Benzenehexacarboxylic (mellitic) acid, for example, might be of value in constructing buffers over the entire range from pH 1 to 7 because of its overlapping ionizations.
Of the compounds listed, benzenehexacarboxylic, butane-i,2,3, 4-tetracarboxylic, 1 ,1-cyclohexanediacetic, 1, 1-cyclopentanediacetic, din-propylmalonic, 3, 6-methylene-1,2,3, 6-tetrahydrophthalic, and 2-methylpropane-1, 2, 3-tricarboxylic acids have pK' values weU within one pH unit of 7. The commercial samples of butane-i,2,3, 4-tetracarboxylic and di-n-propylmalonic acids were rather impure, and 1, 1-cyclohexanediacetic and 1, 1-cyclopentanediacetic acids were fairly expensive and not very soluble as the free acids, although their solubilities increased with pH. Mellitic acid and 2-methylpropane-1,2,3-tricarboxylic acids were somewhat expensive. In addition, those compounds bearing four to six negative charges would influence ionic strength extensively and might aftect the concentrations of heavy metals to a biologically significant extent. .12 VOL. 94, 1967 phthalic acid appeared to suffer from none of the disadvantages listed, and was chosen for more detailed examination. Because of the length of its systematic name and lack of a common name, it has been called EMTA. This acid is obtained in quantitative yield by the Diels-Alder addition of maleic acid to cyclopentadiene and, according to Kloetzel (8) , has the structure shown in Fig. 1 . It is available from Aldrich Chemical Co., Inc., Milwaukee, Wis., in essentially pure form at low cost. It was readily recrystallized in good yield from water in which it was soluble to the extent of over 20 g per 100 ml of water at the boiling point of the solution. There was no effect by recrystallization on either the physical or biological properties studied. At 25.0 C, the solubility of EMTA was found by titration to be 21. Fig. 2 , and was readily apparent from large-scale plots of these data, that curves for back-titrations with HCI were shifted slightly toward lower pH values. This displacement was attributed to the accumulation of NaCl during the back-titration and corresponded experimentally in extent to the shift produced by the addition of an equivalent amount of NaCl. This effect of change in ionic strength is summarized in Fig. 3 , showing the dependence of pK2' on the concentration of NaCl at two concentrations of EMTA.
Both Fig. 2 and 3 reveal a concentration dependence for pK2'. This relationship is displayed in Fig. 4 , from which a thermodynamic pK2 of about 7.23 was estimated. Note that in the concentration and ionic-strength ranges of use in buffers for biological work, the pK2' was in the neighborhood of 6.7 to 7.0, thus providing maximal buffer capacity in the important pH region. Figure 5 shows the temperature dependence of the pK' values of EMTA. The changes observed are not great when the large scale used on the ordinate is taken into account.
Some of the other compounds of Table 3 for compositions of media, pH data, and generation times. Table 3 . They lie within the range routinely observed for these strains in simple media, and the differences are not believed to be significant. After prolonged incubation, the maximal populations reached were normal, although the times required for attainment were somewhat greater in the presence of EMTA at the lower phosphate level. The pH control was effective in all systems.
When glucose was omitted, growth could not be detected by turbidity readings at intervals after incubation for 3 days in repeated experiments. Apparently, the strains employed (including one of P. aeruginosa) could not metabolize EMTA as a sole source of carbon and energy. The P. aeruginosa strain grew in the glucose-salts medium buffered with EMTA, as well as in the standard phosphate-buffered medium. However, population changes could not be estimated readily because of extensive clumping of cells. Turbidity readings did reveal growth, but generation times could not be estimated by this method.
These data suggest that EMTA is an effective buffer component and will be useful in studies of bacterial nutrition and endogenous metabolism. Its applicability to other biological systems will require further investigation.
